WORLD INTELLECTUAL PROPERTY ORGANIZATION 
International Bureau 




PCX 

INTERNATIONAL APPUCATION PUBUSHED UNDER THE PATENT COOPERATION TREATY (PCT) 



(51) International Patent Classification ^ : 
HOIL 21/58, 21/98 



Al 



(11) International Publication Number: 
(43) International Publication Date: 



WO 99A0927 

4 March 1999(04.03.99) 



(21) International AppUcation Number: PCT/US98/ 17972 

(22) International Filing Date: 28 August 1998 (28.08.98) 



(30) Priority Data: 
60/057.413 



29 August 1997 (29.08.97) 



US 



(71)(72) Applicants and Inventors: FARRENS, Sharon. N. 
[US/US]; 3522 Millaid Drive, Davis, CA 95616 (US). 
ROBERDS, Brian, E. [US/US]; 3507 Poinciana Drive ^5, 
Santa Clara, CA 95051 (US). 

(74) Agent: 0*BANION, John, P.; Gerber, Ritchey & 0*Banion 
LLP, Suite 1550, 400 Capitol Mall, Sacramento, CA 95814 
(US). 



(81) Designated States: AL, AM. AT, AU, AZ, BA, BB, BG. BR, 
BY, CA, CH, CN, CU, CZ. DE, DK. EE, ES, FI, GB. GE, 
GH, GM. HR, HU, ID. IL, IS, JP, KE, KG. KP, KR, KZ, 
LC. LK. LR, LS. LT. LU. LV, MD. MG. MK, MN, MW. 
MX. NO. NZ, PL, PT. RO. RU. SD. SE. SG. SI. SK. SL. TJ. 
TM. TR, TT, UA, UG. UZ. VN. YU. ZW, ARIPO patent 
(GH, GM, KE. LS. MW, SD, SZ. UG. ZW). Eurasian patent 
(AM, AZ. BY. KG. KZ. MD. RU, TJ, TM), European patent 
(AT, BE, CH. CY, DE. DK. ES, FI. FR. GB. GR, IE. IT. 
LU. MC. NL, PT. SE), OAPI patent (BF. BJ. CF, CG. CI. 
CM. GA. GN. GW, ML. MR, NE. SN. TD. TG). 



Published 

With international search report. 



(54) Title: IN SITU PLASMA WAFER BONDING METHOD 



(57) Abstract 



A method for chemically bonding semiconductor wafers and other materials to one another without exposing wafers to wet 
environments, and a bonding chamber for in situ plasma bonding are disclosed. The in sim plasma bonding chamber allows plasma 
activation and bonding to occur without disruption of the vacuum level. This precludes rinsing of the surfaces after placcmwit in the 
chamber, but allows for variations in ultimate pressure, plasma gas species, and backfill gases. The resulting bonded materials are free ftx)m 
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materials to be bonded to one another. This bonded materials can be used for bond and etchback silicon on insulator, high voltage and 
current devices, radiation resistant devices, micromachined sensors and actuators, and hybrid semiconductor applications. This technique 
is not limited to semiconductors. Any material with sufficiendy smooth surfaces that can withstand the vacuum and plasma environments 
may be l)onded in this fashion. 
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INSITU PUkSMA WAFER BONDING METHOD 
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30 BACKGROUND OF THE INVENTION 

1. Field of the Invention 

This invention pertains generally to semiconductor bonding techniques, and 
more particularly to a low t mperature, insitu, plasma activated wafer bonding 
apparatus and method. 
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2. Pesciiption of the BacKgrpund Art 

It is well known that direct wafer bonding is an altemativ to using organic 
or inorganic bonding agents for bonding silicon and a number of other 
semiconductor materials. For example, direct bonding can be facilitated by first 

5 activating the surface of the wafer with a base bath (NH40H:H202:H2:0, 1 :1 :5) for 
silicon and its oxides, or with an acid bath (HCIrHaOaiHaiO, 1:1:6) or HF dip for 
nitrides such as AIN and Si3N4. Plasma exposure is another known technique for 
activating the surfaces of wafers to be bonded. These surface activation methods 
render the wafer surfaces hydrophilic and amenable to bonding. After surface 

10 activation, the wafers are placed in a spinner where they are rinsed in de-ionized 
water and spun dry. After this step the wafers are placed surface to surface at 
which point van der Waals forces pull the two wafers into contact. 

The contact bonds which are formed in accordance with conventional wet 
surface activation are generally weak (less than 0.1 MPa), and not suitable for 

15 device processing. This is because the process of oxidation (or conosion of any 
kind) upon which high temperature direct bonding of semiconductor materials is 
based is the result of a two step process: migration of the reacting specie(s) to the 
reaction site, and then the chemical reaction itself. For example, the high 
temperature oxidation of silicon (T>700''C) is known to follow linear kinetics initially 

20 until the oxide thickness becomes so thick that the atomic transport is the limiting 
process. In other words, initially Si and 0 atoms are directly adjacent or are very 
close. All that is required is the transfer of electrons between the atoms for the 
reaction to occur. However, as the oxide thickness increases, oxygen atoms must 
migrate to the unreacted silicon through the oxide layer. 

25 The energy that must be supplied to the "system" to cause the Si and the 

oxygen to migrate and react is quite large and. as such, this particular reaction is 
not self sustaining at low temperatures. Therefore, the bonds are typically 
strengthened by high temperature anneals (T >900°C) for silicon and its oxides, 
and moderate temperature anneals (T-300X) for nitrides. Following the anneals 

30 the interfacial bond obtains strengths greater than 1-2 MPa up to a maximum of 
about 4 Mpa (absolute values depending on test method). This strength is 
sufficient for further processing such as backthinning, polishing, and 
micromachlning, and the interface is generally free from detectable voids. 
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However, the temperatures required for the annealing step have limited the use of 
conventional direct bonding techniques to applications wherein the materials to be 
bonded can withstand the high temperature anneal. Unfortunately, the elevated 
temperature exposure can have a detrimental effect on implanted or diffused 
5 etchstop layers via diffusive broadening. 

Therefore, while it is known that wafers can be direct bonded, conventional 
bonding methods are only effective with high temperature anneals and, further, 
some materials are unable to withstand such high temperatures. Accordingly, 
high temperature bonding is limited in its application. 

10 To avoid material damage and problems with thermal mismatching in 

bonding dissimilar materials, there exists a need for a direct bonding process 
whereby direct bonding can be effected using a low temperature anneal. In 
addition, to prevent absorption of water and other contaminates present in air, 
there exists a need for a process to bond wafers to one another without exposing 

15 the wafers to wet environments. The present invention satisfies those needs, as 
well as others, and overcomes the deficiencies inherent in conventional direct 
bonding techniques. 

BRIEF SUMMARY OF THE INVENTION 
The present invention pertains to an apparatus and method for directly 

20 bonding materials to one another in a dry environment. The invention bonds 

materials while inside a plasma environment without breaking vacuum or exposing 
the materials to external environments. In accordance with an aspect of the 
invention, materials are bonded inside a plasma chamber, prior to exposure to an 
external environment; that is, materials are bonded insitu. In accordance with 

25 another aspect of the invention, a plasma chamber apparatus is provided which 
can be used for Insitu plasma bonding of materials. 

The method and apparatus of the present invention are unique because 
they provide for a completely dry bonding process. This provides for full strength 
bonding upon contact in most cases, allowing for heterogeneous materials to be 

30 bonded. It eliminates any water or other contamination from adsorbing on the 
surfaces and becoming trapped at the interface, and thus requiring a high 
temperature annealing step to remove this interface contamination layer via 
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diffusional processes. Some materials syst ms may require post bond anneals at 
low temperatures to fully cx)mplete the chemical bond reactions. 

The present invention provides for bonding wafers without the need for high 
temperature anneals or use of organic or inorganic bonding agents. The resulting 
5 bonded material is free from macroscopic and microscopic voids, and has a 
strength equivalent to Si-Si bonded materials which have been bonded with the 
conventional base bath method and annealed at temperatures greater than 
900''C. The bonded materials can be ground and chemically backthinned, and 
can be used for Bond and Etchback Silicon on Insulator (BESOl), Smart Cut® 
10 wafers, high voltage and high cun^ent devices, radiation resistant devices, 
micromachined sensors and actuators, and hybrid semiconductor applications. 

An object of the Invention is to activate the surfaces of materials for direct 
bonding in a dry environment. 

Another object of the Invention Is to activate the surfaces of materials for 
15 room temperature high strength bonds. 

Another object of the invention is to eliminate the need for wet chemical 
treatments for bonding. 

Another object of the invention is to provide for precision alignment of 
micromachined wafer features. 
20 Another object of the invention is to create hydrophilic surfaces on materials 

to be bonded. 

Another object of the invention is to eliminate contamination problems 
inherent in bonding in wet environments. 

Another object of the Invention is to eliminate the high temperature 
25 annealing step used in conventional direct bonding which is incompatible with 
many applications (diffused regions) and many materials (GaAs phase 
separation). 

Another object of the invention is to provide for bonding heterogeneous 
materials. 

30 Another object of the invention is to provide for direct bonding of similar or 

dissimilar materials. 

Another object of the invention is to provide for integration of electronic 
circuitry into microsensors. 
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Another object of the invention is to provide for integration of electronic 
circuitry into optoel ctronicd vie s. 

Another obj ct of the invention is to provide for iterative fabrication of 
multilayered devices. 
5 Another object of the invention is to provide for direct bonding of 

semiconductor chips. 

Another object of the invention is to provide for direct bonded packaging of 
semiconductor chips. 

Another object of the invention is to provide for bonding of wafers having 
10 surfaces which are too rough for bonding with conventional bonding methods. 

Another object of the invention is to provide for bonding of wafers after 
failure of conventional bonding methods. 

Another object of the invention is to initially bond materials at room 
temperature and anneal the bonds at low temperatures. 
15 Another object of the invention is to provide for direct bonding at 

temperatures of approximately 300°C or lower. 

Another object of the invention is to allow for bond interface chemistry 
tailoring (e.g. tenmination species can be changed by specific plasma gas without 
altering the basic process). 
20 Further objects and advantages of the invention will be brought out in the 

following portions of the specification, wherein the detailed description is for the 
purpose of fully disclosing prefen-ed embodiments of the invention without placing 
limitations thereon. 

DESCRIPTION OF THE INVENTION 
25 The ability of materials such as silicon to become bonded without the need 

for high temperature anneals or use of organic or inorganic bonding agents is 
based on the model by Stengl. This model states that adsorbed water molecules, 
which collect on the hydrophiiic wafer surfaces after surface activation, form 
hydrogen bonds between the two wafers. These are the initial contact bonds 
30 which holds the material together. Heat causes subsequent chemical reactions to 
occur which lead to the formation of oxides with strong covalent bonds at the 
interface. Using wet chemical activation techniques, the kinetics of oxide 
formation are slow and at room temperature the development of a strong interface 
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is not possible. 

On the other hand, plasma surface activation increases the kinetics of the 
oxide reaction du to the increased mobility of the ionic species created on the 
surfaces as well as removing adsorbed contamination layers. This has been 

5 verified by x-ray photo-spectroscopy (XPS). If hydrogen plasmas are used, the 
bonding force can be attributed to hydrogen bonding as well as other van der 
Walls and electrostatic forces. This is similar to hydrophobic bonding with the 
aqueous HF acid solutions. However, the plasma reduces the possibility for 
contamination and the need for spin drying as well as increases the electrostatic 

10 contribution to the bond force. Theoretically, any surface which can be reduced 
by a plasma could be activated by this method. By bonding without exposing the 
surfaces to the environment eliminates contamination from chemical species not in 
the plasma as well as particulates and reduces the interfacial adsorbed layer. In 
addition excess moisture is removed from the surfaces during exposure. Excess 

15 moisture is well known to lead to microvoid formation. 
1. Insitu Ponding Apparatus- 

A prototype in situ plasma bonding chamber has been constructed that 
allows for substrate bonding in any plasma at base pressures down to 1.0e-6 Ton*. 
Substrates are placed in the chamber after cleaning and then activated with the 

20 appropriate plasma species. The chamber can be backfilled with a new species of 
gas or evacuated as needed; The variability of these process parameters allows 
for surface species termination control and reduction of adsorbates and moisture. 
Bonds with and without interfacial oxide formation have been realized with 
substantial reductions in bonding temperatures. 

25 Substrate materials are mechanically supported during the plasma 

exposure to achieve surface activation. The wafers are then released and allowed 
to fall into alignment and intimate contact. This operation can be done (1) during 
the plasma exposure, (2) after extinguishing the plasma, or (3) after a backfill gas 
has been purged into the system. Once the wafers have been released and 

30 "mated" a mechanical level is used to initiate the bond wave if the bond wave did 
not spontaneously initiate when the wafers were released. After bonding in the 
chamber, the bonded pairs are removed for bond strengthening themnal 
treatments. 
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Th current system is a manual loading system and the mechanical wafer 
grip system has not been optimized. It is desirable to have cassette to cassette 
loading of the two input substrates and output bonded substrates. This involves 
implementation of robotic wafer handlers and an automated flat alignment system 
5 that is standard on other automated semiconductor equipment. The grip system 
inside the chamber must not perturb the plasma sheaths nor shadow the plasma 
from the surface. The current system relies on mechanical flags that are tapered 
such that isolated point contacts are made to the edge of the wafers only. 

The current vacuum system utilizes a turbo pump that is backed by an oil 
10 filled mechanical pump. Ideally the mechanical pump would be dry to avoid 

contamination. We have also found that using a gas purification system and filter 
will remove residual moisture from the inlet gas stream and particles respectively. 

Reactive Ion etchers can be modified to allow in-vacuum mechanical 
manipulation. It is also possible to use gravity and magnetic manipulation where 
15 wafers can be brought into contact without having to physically contact either of 
the two surfaces. 

Ultimately we envision this system as a cluster tool in which the input and 
output cassette are loadlocked to the bonding system. A robot will retrieve wafers 
firom the input cassette(s) and load them into the plasma chamber with proper 

20 alignment. (Note: rotational misalignment of the flats should also be allowed.) 
Then chamber will then be evacuated and the wafers processed as described 
above. After bonding the robot will remove the wafers, send to a optional 
inspection station and then place in the output cassette. 

It is also possible to include precision alignment in an IR microscope or 

25 fiber optic system to align substrate features relative to one another. In that case, 
the two substrates are fixed In position with a mechanical apparatus and placed in 
the plasma. After activation the insitu bonds are made by precision contacting of 
the surface. A Kari Suss fixture and aligner or the like is suitable for this purpose. 
2. Insitu Bonding Method 

30 The method of the present invention generally comprises the following 

steps. Those skilled in the art will appreciate that the method of the invention can 
be modified to suit a variety of applications depending on the material used and 
the interface desired. 



-7- 



wo 99/1 0927 PCT/US98/1 7972 

(a) For silicon dioxide, silicon, silicon nitride or other materials where an 
insulating interface is desired, an oxygen plasma can be used effectively 
according to the following steps: 

(i) RCA clean the wafers omitting the HF dip for oxide surfaces; 
5 (ii) Rinse the wafers and dry. Drying can be carried out using 

spin-rinse-drier, dry nitrogen, or other conventional state of the art drying 
technique; 

(iii) Place the wafers into a plasma chamber equipped with 
bonding apparatus; 

10 (iv) Expose the wafers to 1 00 Watt RF oxygen plasma for at least 

5 seconds; and 

(v) Without breaking vacuum, place the wafer surfaces together 
and contact. Bonding will occur. 

(b) For silicon, gallium arsenide, indium phosphide, or other materials 
15 where a direct contact without an interface is desired, hydrogen, argon with 

hydrogen (fomiing gas), or H/He plasma can be used effectively according to the 
following steps: 

(i) For silicon, RCA clean the wafers utilizing a HF dip or using 
another conventional state of the art cleaning method; 
20 (ii) (Optional) Rinse the wafers and dry. Drying can be canied 

out using spin-rinse-drier, dry nitrogen, or other conventional state of the art 
drying technique; 

(iii) Place the wafers into a plasma chamber equipped with 
bonding apparatus; 

25 (iv) Expose the wafers to 1 00 Watt RF plasma of the desired gas 

for at least 5 seconds; and 

(v) Without breaking vacuum, place the wafer surfaces together 
and contact. Bonding will occur. 
3. Variations on Bonding Method. Insltu plasma wafer bonding can be 
30 modified in several ways, including the following: 

(a) Changing plasmas, Ar, NH4, Oj, Hj, H/He, etc. The key feature is 
using a plasma which reduces the surface species of the candidate material. 

(b) Altering exposure times. Care must be taken to limit the exposure 
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time to a minimum such that surface roughening does not occur as well at to 
prohibit excessively thick interfaces. Surface charge reaches a maximum with 
less than 10 seconds exposure time. 

(c) Altering the power and flow rate of the plasma gasses. Care must 

s be taken to limit surface roughening and contamination. Low power and low flow 
rates will maintain surface quality. 

(d) Location of the wafers in the plasma. Wafers placed in the glow 
discharge rather than in the sheath obtain less surface damage and improved 
bond results. 

10 Example 1 

A plurality of (100) silicon wafers were cleaned with standard RCA 
processing and rendered hydrophobic via a BOE dtp prior to placement in the 
bonding chamber. The substrates were then exposed to short oxygen plasma 
treatments (<1 minute) in the in situ plasma bonding apparatus described above. 

15 They were inspected with infrared (IR) for voids and blade insertion tests were 
performed [7]. Annealing was cam'ed out on a hot plate in air at 400*'C for 20 
minutes and at lOO'^C for 10 minutes. After annealing the razor insertion was 
again attempted, followed by cleaving attempts. 

An IR spectroscopy study on plasma activated bonded wafers was 

20 undertaken. The waveguide cell designed for this study is similar to that used by 
the Feijoo et al.» investigation [5]. To investigate tiie differences between plasma 
bonding and similar wet chemical bonding, plasma activated externally bonded, in 
situ plasma bonded and hydrophilic (bases bath activated) samples were bonded 
and spectra obtained for temperatures up to 300°C. Due to the weaker bond 

25 strength of the hydrophilic bonded sample, preparation of the waveguide which 
entails sawing, grinding, and polishing was not possible unless the sample had 
been annealed to 200°C for 2 hours. Therefore spectra for the hydrophilic sample 
is only available for temperatures above 200''C, Spectra from a hydrophobic 
bonded sample, annealed to 1 lOO^'C for 2 hours was used as the background 

30 reference. The dimensions of the waveguide cell was 53mm long and 20mm wide 
with 45'' entrance/exit bevels. 

To better understand the role of ttie oxygen plasma on the wafer surfaces, 
a mercury probe was used to perform capacitance-voltage measurements on 
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thermally oxidized wafers. Tlie flatband voltage shift was monitored as a function 
of exposure time, delay time after exposure (storage time), and temperature. 

Example 2 

Bond Strength 

5 Upon removing the bonded samples from the in situ chamber, it was found 

that the wafers adhered to one another very strongly so that handling of the 
bonded pair could be carried out easily. IR inspection show virtually no voids. 
Upon insertion of a razor blade at the edge of the sample, a 1/2"-1 " crack 
appeared. After removal of the blade, the surfaces rebonded except for voids due 

10 to surface damage caused by the razor blade. This indicated a surface energy of 
500-1000 ergs/cm^. After heating to 400°C for 20 minutes, a razor could no longer 
be inserted between the substrates but rather the wafers broke away with no 
interface failure. Cleaving attempts of the pair would result in many pieces, 
however no interfacial failures could be found. All fractures were of the three 

15 dimensional type across the interface rather than interface separation. Anneals 
carried out at lOO^'C for 5 minutes produced identical results. It should be 
impressed that this dramatic bond strength is typical for anneals canled out at very 
high temperatures, T>800''C. 
Bond Mechanism? 

20 We found that the hydrophilic wet chemical activated sample had a much 

stronger broad FTIR absorption band centered around 3400 cm'^ and was slower 
to disappear than either of the plasma bonded samples. This band is associated 
with the 0-H stretch in water, therefore we conclude that at 200o there are still 
water molecules at the interface and that the bond strength is limited by this water 

25 bonding. By comparison, plasma bonded samples annealed at the same 

temperature (200^*0) have very little of the broad 3400 cm'^ associated with OH 
inside silica [3]. It is understandable that the in situ sample would have less water 
at the interface over all temperatures since moisture at this interface was also 
diminished since the bonding process occurred in vacuum. However, the 

30 externally bonded plasma sample initially has much interface water as expected 
and as seen in the initial bond spectrum. Comparing the hydrophilic sample to this 
externally bonded sample we find that the water disappears much more rapidly in 
the external plasma activated sample as well as the in situ sample. We conclude 
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from this that the oxidation kinetics, which consume the interface water, must be 
much greater in the plasma activat d sample than the wet chemically activated 
sample. 

As for the in situ bonded sample, we find very little water initially except for 

5 a fairly sharp absorption centered at 3320 cm'^ which we tentatively attribute to the 
OH stretch in water [1]. However this may be a signal from the stretch of NH, 
3200-3400 cm"^ [2]. This suggestion is derived due to the difference in pre-bond 
treatment between the hydrophilic sample and both plasma bonded samples. 
Nitrogen can be easily traced to atmospheric contamination in the plasma 

10 chamber. It is fairly difficult so say for certain what the exact contribution is which 
makes up this band when one considers the dynamic situation which is occurring 
on the surfaces of the substrates inside a plasma (charged species, radicals, 
broken bonds, etc.). In either case the absorption disappears after 200*^0 anneal. 
Further examination of the band at 3600-3750 cm*^ (attributed to OH 

15 stretch) reveals an additional difference between atmospheric bonding and in situ 
plasma activated bonding. Following 300°C anneal, both wet chemical and ex situ 
plasma activated samples bonded at atmospheric conditions show a two to four- 
fold increase in absorption over that of the in situ bonded sample in which the OH 
band is almost beyond detection. This suggests that the interfacial oxide is fully 

20 saturated for the atmospheric bonded samples and further reduction of this OH will 
be due to reaction/diffusion upon further annealing and is now rate limiting. The in 
situ sample however shows a steady decrease in this absorption band through the 
annealing cycles implying that as the water/hydroxyls decompose the interfacial 
oxide can react and therefore "absori)" this excess and does not rate limit the 

25 process. 

Reflecting back to the general theories of wafer bonding, it is apparent that 
this is exactly what is desired. There is no large thermal budget needed to drive 
off the interfacial water (hydrophilic bonding) or to decompose the hydrogen 
surface termination in hydrophobic wafer bonding. As long as there is water at the 
30 interface of a bonded wafer pair, the bond strength will be limited by the strength 
of these hydroxyl bonds. The oxidation reaction must continue until the amount of 
water and hydrog n present at the interface is exhausted, only then does the 
formation of covalent Si-O-Si bonding strengthen th interface. Also, Si-H and 
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hydroxy! groups on and in silicon oxide are known to be very strongly bonded and 
not easily removed with low temperatures. Thus the pres nee of these groups 
must be reduced through cleaning or vacuum. 

For the plasma activated samples some very interesting phenomena occurs 

5 in the SiH-stretch regime of the spectra, 2000-2250 cm'\ We found that the initial 
in situ sample had an absorption peak centered at ~21 10 cm'^ and was skewed 
slightly towards lower wavenumbers. This broadening we believe is do to the 
many different variations (surface roughness, dangling bonds, charged species, 
etc. ) in the SIH stretch due to the dynamic conditions in the plasma. Upon 

10 annealing "texturing" in the spectra occurs and the spectral height is greatly 
reduced and separates into several discrete bands centered at 2140, 2100, and 
2060 cm"^ with a very slight peak at -2200 cm'\ These bands have been 
assigned by several authors [5, 9] as the SiH stretch of SiH3. SiH (Si/SiOj 
interface), SiH (across a bonded interface), and OsSiHj respectively. Upon further 

IS annealing the spectra reshapes and fonns a very symmetric and smooth peak 
centered at a slightly higher frequency of 2123 cm'\ This corresponds to the 
highly constrained SiH stretch at the Si/SiO^ interface [5]. For SOO^'C , we find this 
peak to shift from 21 05 cm~^ for the hydrophilic sample, to 21 1 5 cm'^ for the 
plasma activated bonded sample, to the 2123 cm'^ as just discussed for the in situ 

20 bonded sample. This transition can be associated with the shift of the SiH stretch 
from 2125 cm*^ to 2100 cm'^ for SiH at the highly constrained Si/SiO^ interface and 
Si/SiOj interface respectively. With this knowledge, we can suggest that this 
progressive blue shift in the spectra of samples can be attributed to the 
stoichiometry of the interfacial oxide. The more stoichiometric oxide that appears 

25 to form from '^vet" or fully hydoxylated surfaces most likely occurs due to oxidation 
of the interfacial water, forming a more "open" oxide. On the other hand, the in 
situ bonded sample is a kin to a dry oxidation in which very little oxidation occurs. 
This oxidation process gives rise to strong bonding due to the covalent bonds of 
Si-O-Si across the interface. 

30 Future wori< needed to verify these hypotheses requires a detailed study of 

the SiO absorption regime. The regime of interest is 1000-1200 cm'^ and this is 
very difficult to do with the current MIR-FTIR arrangement. This is due to the bulk 
absorption of silicon which increases with doping and more importantly du to very 
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Strong absorption of the oxygen in the silicon bulk. This was not possible in the 
curent experiment since virtually no signal was detectable below -1800 cm~\ 

From the previous discussion we note that not only is there less water at 
the interface but that the rate of water removal was enhanced for both the in situ 

5 and ex situ plasma activated samples. It is well established that low temperature 
oxidation reactions proceed via electric field driven kinetics, so called Cabrera- 
Mott oxidation kinetics [8]. We believe the enhanced removal rate of water via 
oxide formation is directly related to the plasma exposure. Implanted charge, 
oxide damage, and interface states may all contribute to increasing the oxidation 

10 rate. The C-V measurements showed a reproducible, plasma induced, flatband 
voltage shift. Using a few seconds and up to a few minutes of plasma exposure 
the flatband voltage would shift dramatically negative. The maximum shift was 
>10 volts. The shift was accompanied by what is assumed to be an increase in 
the carrier generation-recombination centers near the interface, since the plots 

15 took on a low frequency characteristic shape as opposed to the initial high 
frequency plot obtained before exposure. We have found that this shift is very 
stable at room temperature, remaining for several days, and does not diminish 
with water or isopropynol rinsing. However, with a short, low temperature anneal 
(200**C, N2, 10 min.). most of the plasma damage is dissipated. This indicates that 

20 species are capable of rean^angement at low temperature and therefore partaking 
in the bonding process, similar to what was found in the FTIR study. These shifts 
can be used to determine the optimum exposure time for activation of various 
substrate materials. 

Accordingly, we are the inventors of the first, in situ, plasma 

25 activated bonded wafers. Wafers bonded while inside a plasma 

environment for short durations have been shown to be well adhered to one 
another and obtain very strong bonds at very low annealing temperatures 
(lOOX). We have examined the role of water at the interface for in situ, ex 
situ, and conventional chemical activation methods using multiple intemal 

30 reflection Fourier transform infra red spectroscopy (MIR-FTIR), as a 
function of annealing temperature. A capacitance-voltage (C-V) study 
using a non-intnjsive mercury probe was also implemented to investigate 
the ffects of plasma on wafer surfaces and to optimize the exposure limits 
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for bonding. It was found that the combination of reduced interface water 
or hydroxyl species and increased oxidation kinetics can account for the 
dramatic increas s in wafer bonding kinetics. 

Bonding wafers inside a plasma environment without exposing the surfaces 
5 to water eliminates many of the dissociation and diffusion reactions that are 
necessary for the interfacial reactions to proceed to completion. The vacuum 
environment reduces the amount of water that must dissociate and there is 
significantly less byproduct outgassing that needs to diffuse to a free surface. 
Surface hydrogen which is present due to contamination in the chamber and what 

10 was initially on the wafer is subsequentiy removed by the oxygen plasma. 

Oxidation occurs with ions and radicals that were implanted and adsorbed on the 
surfaces. The C-V study results showed very dramatic electronic changes of the 
surfaces which may lead to increased oxidation kinetics by enhancing Cabrera- 
Mott parameters, thereby greatiy increasing the rate at which covalent bonding 

15 occurs. This study is the first to report on in situ plasma activated wafer bonding. 
Dramatic increases in the strength of wafers bonded at very low temperatures 
were reported. The MIR-FTIR and C-V study results can be used to speculate on 
the role of water during the wafer bonding interface oxidation process and helps to 
explain the benefits of plasma wafer bonding. 

20 Although the description above contains many specificities, these should 

not be construed as limiting the scope of the invention but as merely providing 
illustrations of some of the presentiy prefenred embodiments of this invention. It 
will be appreciated that the apparatus may vary as to configuration and as to 
details of the parts and that the method may vary as to the steps and their 

25 sequence without departing from the basic concepts as disclosed herein. 
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CLAIMS 

What is claimed is: 

1 . A method for insitu plasma bonding of wafers, comprising the steps 

of: 

5 (a) for silicon dioxide, silicon, silicon nitride or other materials where an 

insulating interface is desired, 

(i) cleaning the wafers, 

(ii) rinsing and drying the cleaned wafers, 

(iii) placing the wafers into a plasma chamber equipped with a 
10 bonding apparatus, 

(iv) exposing the wafers to a plasma which reduces the surface 
species of the candidate material, and 

(v) without breaking vacuum, placing the wafer surfaces together 
and into contact; and 

13 (b) for silicon, gallium arsenide, indium phosphide, or other materials 

where a direct contact without an interface is desired, 

(i) for silicon, cleaning the wafers, 

(ii) optionally rinsing and drying the cleaned wafers, 

(iii) placing the wafers into a plasma chamber equipped with a 
20 bonding apparatus, 

(iv) exposing the wafers to a plasma which reduces the surface 
species of the candidate material, and 

(v) without breaking vacuum, placing the wafer surfaces together 
and into contact. 

25 

2. A method as recited in claim 1 , wherein said plasma is selected from 
the group consisting of hydrogen, oxygen, argon with hydrogen, NH4, and H/He. 

3. A method for insitu plasma bonding of wafers, comprising the steps 

30 of: 

(a) for silicon dioxide, silicon, silicon nitride or other materials where an 
insulating interface is desired, 

(i) cleaning the wafers. 
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(ii) rinsing and drying the cleaned wafers, 

(iii) placing the wafers into a plasma chamb r quipped with a 
bonding apparatus, 

(iv) exposing the wafers to an oxygen plasma and reducing the 
surface species of the candidate material, and 

(v) without breaking vacuum, placing the wafer sur^ces together 
and into contact; and 

(b) for silicon, gallium arsenide, indium phosphide, or other materials 
where a direct contact without an interface is desired, 

(i) for silicon, cleaning the wafers, 

(ii) optionally rinsing and drying the cleaned wafers, 

(iii) placing the wafers into a plasma chamber equipped with a 
bonding apparatus, 

(iv) exposing the wafers to an plasma selected from the group 
consisting of hydrogen, argon with hydrogen, NH4, and H/He. and 

(v) without breaking vacuum, placing the wafer surfaces together 
and into contact. 

4. A method for insitu plasma bonding of wafers, comprising the steps 

of: 

(a) for silicon dioxide, silicon, silicon nitride or other materials where an 
insulating interface is desired, 

(i) RCA cleaning the wafers omitting the HF dip for oxide 
surfaces; 

(ii) rinsing and drying the cleaned wafers, 

(Iii) placing the wafers into a plasma chamber equipped with a 
bonding apparatus, 

(iv) exposing the wafers to 1 00 Watt RF oxygen plasma for at 
least 5 seconds, and 

(v) without breaking vacuum, placing the wafer surfaces together 
and into contact; and 

(b) for silicon, gallium arsenide, indium phosphide, or other materials 
where a direct contact without an interface is d sired, 
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(i) for silicon, RCA cleaning the wafers utilizing a HF dip or using 
another conventional state of the art cleaning method. 

(ii) optionally rinsing and drying the wafers, 

(iii) placing the wafers into a plasma chamber equipped with a 
bonding apparatus, 

(iv) exposing the wafers to 100 Watt RF plasma for at least 5 
seconds, said plasma selected from the group consisting of hydrogen, 
argon with hydrogen, NH4, and H/He, and 

(v) without breaking vacuum, placing the wafer surfaces together 
and into contact. 
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